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NOMENCLATURE

A = major axis of particle, cm

Ao 7- apparent area of heat generation, cm2
As = surface area of flattened ellipsoid, cmz

'g A' = peripheral area of the disc, cmz

B B = minor axis of pa;ticle, cm
c = thickness of transferred wear particle, A
c, = thicknes; of loose wear particle, A
cp = gpecific heat at constant pressure, cal/gmoc
Dd = diameter of the disc, cm

d = diameter of the pin, cm
d = diameter of wear particle, Lm
E = Young's wodulus of elasticity, kg/cmz, dy‘ne/cmz

E = adhesional energf, erg

a
Ee = elastic siLrain energy, erg
Es = total surface energy, erg

_ : 3gAtD d3
Gr = Grashof Number _—

. 1 4
g = acceleration due to gravity, ¢:rn/sec2
2

H = Brinnell hardness, kg/mm

h = film heat transfer coefficient for edge of the disc, cal/sec cm2 °c

h' = film heat transfer coefficient for the side of the disc,

cal/sec cn’ % .

h, = surfacg heat transfer coefficient for the pin, cal/sec cru2 °c
J - = mechanical equivalent of heat, ergs/cal

K = proportionality constant; wear factor

k = thermal conductivity of air, cal/sec cm °C




thermal conductivity of the disc material, cal/sec cm °C
thermal conductivity of the pin material, cal/sec cm °C
characteristic length, cm

sliding_distance, cm

length of the pin, cm

normal load, g

h.p
characteristic number {(E_l_;> 1/22}
[o}

a
nominal contact pressure, kg/cm

hDd
Nusselt Number P
' 2

normal pressure, kg/cmz

perimeter, cm
u C
Prandtl Number -E_E
a
heat generated per second, cal/sec
radius of the disc, cm
inside radius of the annulus, cm
YDy
Reynolds number TR
radial coordinate
shear stress, kg/cuz
temperature rise, °C
average temperature rise at the disc rubbing surface, °c
average temperature rise at the pin rubbing surface, °C
thickness of the disc, cm
ambient temperature, °C
amplitude of surface temperature, °C

temperature at depth x, °C

temperature difference, °C
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=Y

D -

sliding speed, cm/sec

volume of flattened cllipsoid, cm3
volume of wear, cm3

work of adhesion, erg/cnz

weight loss, 8

depth of penetration of temperature oscillation, cm |
thermal diffusivity, c-zlsec
a constant |

coefficient of thermal expansion, 1/°C

2
surface energy, erg/cm

heat distribution coefficient
Poisson's ratio

angular coordinaté fixéd to the disc
wave length, cm |

coefficient of frictiom

absolute viscésity, g/cn-sec'

kinematic viécosity, cnzlsec

density, g/cm3

yield strength,. dyﬁe/caz

time, sec

period of disc rotatiom, sec

angular coordinate uxth respect to heat sourc-e
contact angle, rad |

angular speed, rad/sec




1. INTRODUCTION

1.1. Literature Review

1.1.1. Mechanisms of Wear

The understanding of the mechanisms governing the wear of polymers
sliding against metal surfaces is important from both scientific and
technological standpoints. Ihisvis especially true éince polymeric
materials are being used more and more in sliding applications, such as
bearings, fiiction blocks and brake devices.

Four basic mechanisms of wear are commonly recognized: adhesive,
abrasive, corrosive, and wear from surface fatigue. Of these adhesive
apd abrasive wear mechanisms have often been used to explain the wear
. of polymefic materials. Achesive wear arises from the fracture of
adhesively-bonded junctions that occurs because of the relative motion
- between the mating surfaces. Rabinowicz and Tabor (1) studied the mecha-
nism of adhesive-wear particle fo;'m;ation for several sliding metallic
~ pairs. Burwell and Strang (2) and Archard 3) déveloped identical ex-
preséions for wear volume iﬁ an adhesive process. Archard and Hirst (4)
studied adhesive wear for polymer-metal phifé and pointed out that the
wear equation derived earlier by Archard (3) could be applied to these
pairs too. Belyi et al. (5) noted that the transfer of materials is the
most impoftant characteristic of adhesive wear in polymers. The abrasive
wear is produced as a result of defprmacion or ploughing of the softer
polymer by harder ésperities on the mating surface. This type of wear
has been studied in detail by a number of workers (6-10). The corrosive
wear is due to thermal or the:mﬁ-oxidative degradation of poiymers and

the resulting formation of highly reactive, low molecular weight compounds




(11). The fatigue wear is usually thought to occur during rolling, but
localized fatigue on an asperity scale has now &lso bcen recognized as an
important factor in sliding.(12).

In addition to the above mechanisms, Aharoni (13) proposed roll forma-
tion. According to his model, wear takes place by adhesion in the con;
tact zone as shown in Figure 1(a) which results in the formation of a roll
(b to d) that is sheared as sliding continués. Since the process of roll
formation depends upon adhesion, it is no differeni from the basic mecha-
nism of adhesive wear.

Suh (14) proposed the delamination theory, which assumes that the
wear of metals is caused by subsurface deformation followed by crack
nucleation and crack propagation. Using this concept, Suh and éouorkers
(14, 15) derived two equations for wear. One of these is based on the
assumption that a strong junction is formed at some fraction of asperity
contacts. Sliding causes the junction to be sheared, producing a wear
shee# created ;olely as a result of the interaction of one set of asPe¥ities.
The second equation is derived frém the assumption that the creation of
a wear sheet is a cumulative process which results when the metal is
sheared a small amount by each passing asperity. The creation of a wear ‘
sheet uill.only occur, however, after a large number of asperities have
passed over each point on the Surfate; The reduced form of these equa-
tions is quite similar to that of Archard's equation.

The lack of understanding of these basic mechanisms, together with
the interplay of these mechanisms in any real situation, is probably re-
sponsible for the diverse correlations of weﬁr with different material

properties. For example, the abrasive wear of pdlymers has been shown by
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(a) | (b)

Fig. 1.

(e) )

Stages showing the formation of a roll during sliding in the
direction of arrow under load N.




Ratner (6) to be inversely proportional to the product of the nominal
fracture stress and the strain-at-fracture. Ciltrow (16) shoued that
the abrasive wear of thermoplastic polymers varics inverscely as

the square root of their cohesive cnergy. Lontz and Kumnick (17) found
that the wear rate of polytutrafluorocthyleue1 was dircctly proportional
| to the flexure modulus and inversely proportional to the yield strain.
Warren and Eiss (18) have recently shown that the wear of poly(vinyl
chloride) and polychlorotrifluoroethylene is iaversely proportional to
their energy-to-rupture.

Lancaster (16) found that for an amorphous polymer like poly(methyl
methacrylate), the abrasive wear rate is 2@ minimum near the glass transi-
tion temperature. For crystalline polymers, such as polyamides and PIFE,
the change in wear rate with temnerature is less marked thaa for :he.
amorphous polymers until near the chstal;ine ﬁelting point. At
this temperature, the ﬁobil@ty of polymer molecules increases so that
the material softens, the strength decreases, and the abrasive wear rate
increcases.

On the basis of his model for adhesive wear, Archard (3) derived the
following equation:

KNLI . _
v = " : (1)

where v is the volume of wear; H, the Brinell hardness of the softer
material; Ll’ the sliding distance; N, the normal load; and K, a constant
which implies the probability of producing a wear particle per asperity

encouﬁter. The experimental values of K fall in the range 10.3 to 10-8.

1Abbreviated as PTFE.




The above equation, though 6riginally proposed for metals, has also been
used for polymers. It involves "hardness'" as a material property, which
is deceptive for polymeric materials because of the occurrence of creep
under ambient conditions.

Several workers have tried to express the wear of polymers in terms
of the sliding variables. For example, Lewis (19) suggested the follow-
ing empirical relationship for adhesive wear:

| v = KNVT _ 2)
where v is the volume of material worn; N, the normal load; V, the speed;
T, the time of sliding; and K, a proportionality constant called the
wear factor. |

Working with automotive brake linings and metal drums, Rhee (20)
foﬁnd that the wear rate did mot vary linearly with the nowinal contact
pressure (P), sliding speed (V),'or the time of sliding (T), in contrast
to the expression proposed by irchard (3). He therefore suggested the
following empirical relationship:

v = kAVO© | - 3)
where @ is the weight loss due to wear, and the values éf the exponents,
a, b, and c, depend upon the sliding pair combination. The equation was
verified experimentally for polymer-bondgd automotive friction materials
sliding against cast iron and chromium drum surfaces. The work of
Pogosian and Lambarian (21) also supports a relationship of this type
for asbestos-reinforced friction materials sliding against cast iron
and. steel surfaces.

Kar and Bahadur (22) developed the following equation for adhesive

wear volume from dimensional analysis, and the experimental wear data for




1
i

unfilled and PTFE-filled polyoxymethylene sliding against a steel surface:

1'775P1’47111'25

Ky
3.775 : ‘ (%)

vs1,5

where P is the nominal contact pressure; I, , the sliding distance; ¥y,
the surface energy; E, the Young's modulus of elasticity for the poly-
meric material; and k, a proportionality constant.

1.1;2. Material Transfer

In the sliding of polymers against metal and glass surfaces, the
wear process seems to be dominated by the phenomenon of the transfer of

softer polymeric material to the harder counterface material. For example,

‘& massive transfer of PTFE to clean glass surfaces occurring in the slid-

ing process has been reported by Makinson and Tabor (23). Pooley and
Tabor (24) found that lumps of PIFE and high density polyethylene trans-
ferred to glass and polished metal surfaces. They estim;ted the lumps
to be several hundred A in thickness.

The transfer of material has also been observed using infrared
spectroscopy in polymer-polymer sliding. Sviridyonok et al. (25) ob-
served that the transfer took place only under severe sliding conditionms.
They indicated that the direction §f maceriél transfer was governed by
the peculiarities of molecular structure of the sliding pair. In.a
recent study, Jain.and Bahadur (26) found that material transfer occurred:
under all sliding conditions. They concluded that the transfer of mate-
rial was from a polymer of low-cohesive energy density to one of higher-
cohesive energy density, and that the thickness of the transferred layer
increased with increésing sliding speed and time but decreased wifh in-

creasing normal load.




Bowers et al. (27) obéerved the transfer of a thin PTFE film to the
steel surface, and established by electron diffraction the orientation of
the film in the direction of sliding. Steijn (28) demonstrated by trans-
mission eléctron microscopy the shedring of a thin film of PIFL in the
sliding of a hardened steel indentor against a PTFE surface. These films

were also found to have been oriented in the direction of sliding.

Brainard and Buckley (29) used A.e.s% to detect the transfer of a uniform
and continuqus film of PTFE, a few atomic layers thick, to a metal sur- |
face. Tanaka et al. (30) explained that the PTFE film is produced be-
cause of the slippage between crystalline slices of the banded structure
.., of PTFE.
| Working with polymers other than PTFE, Steijn (28) could not.estab-
lish by transmission electron microscopy the typical shearing phenomenon
which creates a thin film, as was observed iﬁ the case of a steel indentor
: slidiné against a PTFE surface. Briscoe et al. (31) reported the presence
of some film on a high density polyethylene surface when it was rubbed
against a steel disc. ‘The film here was not identified. Tanaka and
lichiyama (32) observed a thin polymer film in the sliding of low denmsity
- polyethylene against a steel disc. 'They wefe able to establish by elec-
tron diffraction that the film was of low density polyethylene. Recent-
ly, Tanaka and Miyata (33) observed thin films of PTFE and a few other
crystalline polymers when sliding was performed between abraded surfaces
of these polymers and a clean glass plate. There was no attempt madé to

identify thesc films by electron diffraction.

2Augcr emission spectroscopy.




1.1.3. Loose Wear Fragments

Apart from the transfer of material, loose wear fragmerts are also
produced in the wear process. There is very little work reported in the.
literature on the study of these fragments. Most of the studies are con-
fined to the qualitative observation of wear particles (34-38). As for
the quantitative studies, Takagi and Tsuya (39) correiated the length of
wear fragments with the rate of abrasive wear. Perhaps the best quanti-
tative work on wear particles produced in an adhesive wear situation was
done by Rabinowicz (40). His model considered a hemispherical wear par-
ticle, and assumed that an adhe#ive wear parti:lé could.be formed only
when the total elastic enérgy contained in the particle under compressive
loading was equal to or greater than the surface energy of the particle.
On this basis, he derived the fcllowing equation for .the diameter of

wear particle:

2 |
a’

where y is the surface energy; E, the Young's modulus of elasticity; and
oy, the yield strength of the particle material.

Soda et al. (41) observed that the shape of wear ftagments formed in
sliding between smooth metallic pairs was closer to a flattened ellipsoid
than t§ a hemisphere. Rabinowicz (40) had also made similar observations,
but considered hemispherical shapevof the wear particle merely because of
the simplicity. He has recentiy reported that the spherically-shaped
wear particles result under wmiaxial slow sliding ¢onditions, as in fret-

ting (42). The spherical Shape is created here by the entrapment of paf—

ticles inside the cavities of mating surfaces and by subsequent smoothening




from burnishing action.

Using the initial volume distribution of wear particles, and the
statistical method for obtaining the relationship between the mean of the
dimensions of the largest particles and that of the populacion as developed
by Kimura (43), Soda et al. (41) calculated the number of wear fragments
produced in a sliding process per unit time. From experimental and analyti-
cal studies of wear fragments and their relation to wear in general, they
concluded that the variation in wear with normal load or sliding speed was
due to the change in volume of thé fragments and not in the number produced.

All of the studies on wear fragments reported above were dome on metal
pairs except the one by Rabipouicz (46). He measured the diameter of Qenr
particles of PIFE and certain metallic materials sliding against the same
materials in order to study the effect of surface energy and hardness on
the wear particle size, Iﬁ ;heit study of abrasive wear of high density
polyethylene sliding against steel, Bahadur And_Stiglich (44) found tha£
the wear rate increased with the size of wear particles.

1.1.4. Temperature Rise in Sliding and 1ts Effect on Wear

The temperature rise at the sliding surface is considered to affect
the wear of polymeric materials much more significantly than that of the
metallic materials becausé of their considerablyilower thermal conduc-
tivity and melting points. Lancaster (12) attributed an abrupt iﬂcrease
in wear rate prior to failure to thermal séftening of the thermoplastic
Suﬁstrate in the contact zéne. Vinogradov et al. (45) observed thefmo-
setfing polymerS'bécoming charred because of similar heating effects.
L;ncaster (12) found that the heat generated at the sliding interface

depends more on speed than on load. Realizing this, several authors
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(46-48) have studied the interface temperature r;se phenomenon and its
effect on'ueaf at high sliding speeds.

The temperaturc rise problem in a sliding situation has beén studied
both analytically and experimentally. The first significant contribution_
came from Jaeger (49), who obtained temperature rise solutions for the
case of sliding between tuo‘se-i-infinitg planes of different geometrical
configurations. These eéuations have éroved very useful in the predic-
tion of temperature rise in situations such as metal cutting, where high
normal stresses accompanied bi plastic deformation are involved. Bowden
and Tabor (50) developed siﬁilar equations for the calculétion of temper-
ature rise for a pin sliding on & finite plane. The application of both
Jaeger's and Bowden and Tabor's solutions to the typical lightly-loaded
sliding condition does not provide satisfactory agreement betweén the |
measured and calculated values of temperature rise (51).

Cook and Bhusan (51) developed an equation for the temperature rise
between a pair of maiing asperities, while ignoring the presence of other
asperities in the sliding contact zome. They consideccd the interactive
influence of témperature rise at other asperity locations on the_contact
situation. By combining the temperature contribution of interactive ef-
fects with the temperature rise at a single mating asperity pair, an
equation fﬁr the resulting average température at an asperity contact was
derived. Cook and Bhusan (51) reported a fair agreement between the pre-
dicted and the measured values of temperature rise for sliding situations
where a metallic annulus rotated against a slotted annulus of a different
metallic material. The analysis is not very useful from a practical stand-

point because it involves the coefficient of friction, thermal properties,
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- hardness, and éurface topography. The surface topography is difficult
to estimate and is variable in sliding, and the hardness is meaningless
for polymeric materials. |

Archard (52) developed two different sets of equations for tempera-
ture rise at low speed and at high speed. Each of these sets consists
of two equations, one for the elastic deformation and another for the
plastic deformation in the contact zone. The applicability of these
equations to a specific situation is determined by the gagnitude of the
dimensionless parameter "L" and the nature of deformation at the contact

surface. This parameter L, originally introduced by Jaeger (49), is

given by: ‘

L= ’
where V is the sliding speed; a, the radius of circular contact area;
and a, the thermal diffusivity of the moving surface. It was shown
by Archard (52) to provide an indication of the depth of penetration of
heat below the sliding interface. Archard (52) measured the flash tem-
perature rise for sliding between pins and rings wheré both were made
of 0.527 carbon steel. He found that the calculated values of flash
temperatur§ rise did not compare well with‘che measured ones. However,‘
he succeeded in showing that when a perspex pin slid against a perspex
ring, thé onset of catastrophic wear rate corresponded to the tempera-
ture rise, as predicted by his equations, and that it was close to the
thermal softening point of perspex. Later, Furey (53) measured the
temperature rise between the surfaces of an AiSI 52100 steel rotating

cylinder (21 Rc’ 0.2 um CLA) and a stationafy constantan ball (86 Rb' 0.15

uwm CLA), and compared the experimental values with those calculated using




Archard's cquations. He found that the predicted temperature rise values
were 1.5 to 9 times the corresponding experimentai values. This was true
regardless of the contact area values used in Archard's equations which
were estimated using the elastic or the plastic deformacidn in the con-
tact zone. |

Ling (54) used a probabilistic ap@:éach in conjunction with the prin-
ciple of heat conduqtiou-to estinate the transient température at the
sliding interface. For his model, he coqsideted a semi-infinite solid
with a square-shaped protrusion sli#ing against another body of an arbi-
trary shape, and asserted that the success of his model would not be |
affected by the shape of"the slider. ﬁe assumed that the toéal real con-
téct areé for a’5pecific load did not change with time, whiie'the number
of confaccs and their locﬁtions;did. The distribution of these contacts
in space, as well as the variation of their pésitions'with time, were
both coﬁsidered to be scatistiﬁally raédom. The theoretical analysis
has been supporcédbuith the experineﬁtal results for sliding‘between a
rotating stéel disc and aAstationary acrylic cylinder.

The problem of temperature rise for fhe stead& state condition at the
sliding interface of a staciopary.pin and an inf;nitély long rotating |
cyiinder was investigated theoretically by Kounas et ai.'(SS),, Assuming
equality in average temperature at the pin and cylinder rubbing surfaces,
they calculated the coefficient of distribution of frictionﬁl heat between
these two bodies. The calculaﬁed coefficient was compared with the experi-
mental values reported in the li:eratu;e for a very few cases by these
authors.

Harpavat (56) derived a steady state temperature rise equation for
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the sliding interface between a plane of finite thickness and sliders of
reccangular‘and trapezoidal Shapcs. He compared his rosults with the
experimental data obtained for the case of én elastomeric trapezoidal
slider rubbing against an aluminum substrate coated with chalcogénide
material. The agreement was again off by a factor of 1.5 to 4.

El-Sherbiny and Ncwcomb (57) recently der;ved an equation fot‘steady-
state temperature rise at the interface between a rotating and a station-
ary cylinder, placed at right angles to each other. No expgrimental
verification of this equation has been ptovided.

From the above, it.can be seen that agreement between the measured
and the predicted values of temperature rise at the sliding interface
is generally lacking. The reason can be found in consideration of sim-
plistic models to facilitate analytical solutions. Fo¥ examplé, Jéeger's
(49) formula, derived for semifinfinite solids, cannot be applied“to |
situations vhere finite bodies are involved. Théféfore, it'is neé;ssary,
to find separate solutions for different cohfigurations and sliding situ-
ations, in order to realistically escimaté the temperature rise in tﬁese

cases,

1.2, Objective and Approach to the Problem

In a polymer-metal sliding system, interactions between polymer
molecules and métal atoms at the sliding interface are responsible for

the adhesive wear. This is further complicated By the dissipation of
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frictional energyAat the sliding interface. It may increase the molecular
mobility, prbduce thefmal softening or even ﬁause degradation of the poly-
meric material in extreme cases. It appears that the teﬁperature rise at
the éliding interface is central to an understanding of the wear ﬁechanism
for polymgr-metal combinations, because polymérs are more susceptible tb

change even with mild increases in temperature.

A iljor part in this research concentrated on the realistic estimate
of temperature rise at the sliding interface under varying speed and load
conditions, A steady stateAheat transfer model was developed for the ex-
perimental configuf;tiqn of a pin and a disc. The model considers the
conduction of heat_from.the sliding contact zone in both the pin and the
radial ﬁirection-of the disc, togétber with the heat loss by convecfiqn
from the sides and the periphery of the disc. It was followed by
the mgahurément of tempera:dre rise atv:he rubbing surface for
both the Qcaady and'gnsgeady state conditions. 'Ihe measurémencs also
helped in the verification of the analytical solutions obtained for tﬁe
modél. Since both_thé géalytical and éxperimental approache§ provide
only the average teméerature rise, further investig#:ion of the probablé
chérmal softening or degradation at the asperity con‘acts was.cartied out
‘using DTA technique. |

.The nature of deformation 1n‘the.contact region was investigated
using clectron microscopy techniques. Thus, for low-speed conditions,
transmission eicctron microscopy was used to study the nature of defor-
mation and the formation of films in the sliding process. Thg deforma- -

tion occurring under high-specd conditions was morc severce and was studied
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at lower magnificati?ns by scanning electron microscopy. The nature and
size of the films and the wear particles formed were also studied., From
the measurements of particlé(size, the ;hickpess of wear particles Qas
estimated using an equation derived for the purpose,

Finally, based upon ﬁhe above investigations, the wear mechanisms
for different speed éonditi&ns wvere propésed. Ihe wear model is based

on the understanding of the morphological structure of polymeric materials.




- 17

2. AI‘ETTICAL METHODS

2.1. Formulation of the Heat Transfer Model

The sliding system used in the experxmental 1nvLstlbation consists
of a thin rotating steel dxsc slxdxng against a statxonary cyl1ndr1cal
polymer pin. Here heat is gene;ated at the interface ds a resulc of
frictional resistancc; It is desirable to develop an equation for temper- '
ature rise at the sliding interface of this system.

Figure 2(a) shows a‘éhin disc of radius R ln stationary condition and
in contact with a cylxndtxcal pin of diameter d with coordinates (r 8)
fixed to the disc. The same dxsc rotatxng about its center and sliding
on its petiphery aga1nst the flat end of the stationary pin is shown in
Figure 2(b) thh cootdznates (r, ;) in refetence to the pln. The angle of

ontact betueen the p1n and the dise is tepresented by Q Assumptions-

1. The periodic heaCLng at the dxsc pe?1phery hds'caused d s:eady
oscillation in temperature in the thxn annular part of the disc.

FZ. The tenpera:ure of the- dxsc varxes along its radlus and clrcum-
ference. Since ‘the 91dth of the disc is considered to be smalll
the heat flow by COnductxon in the aX1al~d1reCt10n is neglected

3; -The heac loss by convect1od occurs £rom the exposed perxphery of '
the dise not in dxrectlcontacc uxth the pin surface. There is -
-also heat losg from the sides. -

4, The amount of.ﬁcat ca;:ied aﬁay’byuthe pdlymef wear partidles is
negllgibly‘sﬁall. | | ‘

5. Sinﬁc the diaﬁéﬁct of ﬁhé pld:is'sﬁall,'ﬁhe:temperéture is asdumed

v'tolbe'unifoﬁm'in'any cross section.

.




i
* : - (—PIN P.f—fPIN——-r‘
! ’d‘- =
- DISC
~ - DISC—
o
A (
g - v -
. N N
N AN
A Y
@ S 0 (b) '

Fig. 2. Schematic representation of pin—and—dlsc sliding system; (a)
both disc and" pin stanom:—v ‘with coordinates (r,0) fixed to

‘the disc,. (b) rotating disc and stationary pin with coordinates
(r.¥) in tefetence to t:;e ;:m. :

‘
1
i




19

6. A part of the cylindrical surtace, as well as the [lat end ol
the pin, are in contact with the aluminum holder. The contactiﬁg
portions of the bin arce assumed to be at room temperature.,

7. The average temperaturce ot thc‘pin rubbing surface is cqual to
that of the disc tubbing surface in the contact zone.

8. The entire surface of the end cf the pin is in contact with the
disc.

9. There is no phJSe change occurring in the pin material at the

rubbing surface.

2.2. Heat Transfer Equation for the Rotating Disc

The steady state heat transfer equation in cylindricel coordinates
for the disc in the system described (Figure 2(a)) is

2 ' 2

; T 1

+ +3°
r

o/
)
Q/

Q)
N3
o

"
(Y]
=

(6)

~

3 9

Q/

L

where T is the‘temperacure risc at any location, and (r,3) is the_coordi?
nate system fixed in the disc. In order to take into consideration the
effect of rotation of the aisc, which has an angular veiocity of w rad/sec,
the coordinate system is changed to (r,V), where the latter is considered
fixed with respcct to the heat source. ' Thus, in the new coordinate sys ‘em

the above cquation becomes

2 2.
K S I B

s trart 2 270 (7N
urt T oy

where the two systems of coordinates are related to-each other by

*’9-\.01'
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with T as the time under consideration.

In order to comsider the heat loss by convection {rom the sides of

the disc, Equation (7) is modified as follows:

2 2
13T . 1L 3T - 2h't
L—§+;——r+——za——r LA (8)
Jr r- dy Kt

where h' is the film hcat transfer coefficient for the sides of the disc;

K;, the thermal conductivity of the disc material; and t, the thickness of

. -
the disc. Substituting 02 for Zh_ in the above equation, we get

ch
2 2 : .
a—l _]-'. g’-r- -1—- Q—T - 2 = . M »
3 + =3t + 7 2 gT =20 , (9)
or L ST : :

A solution in the following forﬁ(is chosen to solve Eqation (9)

T = R(r) ¢ (¥) (10)

pifferentiating the above equation and substituting the result in Equation

(9), we get
2 2
R 1 4R 1 d% 2
Ay T T +3 R 2 - O R
dr r dy
- ZR" Rl 22 o
or r ,E~ +r E_ -0 = = %_ ) B an
2 ’ 2
where RY = 9—% . R' = %% . opm = d % i
’ dr dy

- Ssince the left-hand side of Equatidn (11) does not have § and the
right-hand side docs not have r, and since they are equal, each side may

2
be cquated to a constant, say A . Then
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2 R" R' 22 .2 _ |
rR+rR‘-_rc -A" =0 (12)
2
and ‘p" + ¢x- =0 . (13)

The solution of Kquation (12) is of the form

R = AL, (cr) + BK, (0r) (16)

y ¢

where -Ik and K, are modified Bessel functions of the first and second

kind of order A.

The general solution for Equation (13) is:
@ =Ccos Ay + D sin Ay ‘ (15)

where A, B, C and D are constants.

Combining Equations (14) and (15), the solution for Equation (9) may

be written as:
'1: = [AIx(c'r) + BKA(cr)] [C cos Ay + D sin Ay] (16)
Putting A=n where n>0, Equation (16) becomes
T= [AIn(Or) + BK{;(Or)][C cos ny + D sin ny] (17)

Writing AC = a_, AD = b . BC =c, and BD = d“, the above equation

becomes
T = '[nnln(or) cos ny + bntn(ar) sin n¥§

+ c“kn(or) cos ny + d“kn(or) sin n§y ] -
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so that for n=0, we pet

-

= [aoIO(Ct) + coko(ar)]

[

and for n 1,2,3...=, we get

= In(ar) [an cos ny + bn sin ny] + Kn(cr)

-

_[cn cos ny + dh sin ny]

as a set of particular solutionms.
The temperature rise equation may thus be written as
«
T = (aolo(or) + COKO(Ur)] + 5 [In(cr)

n=1

(ancos ny + bn sin ny)

+ K (or)(c  cos oy +d_ sin ay)l (18)

2.3. Boundarv Conditions

1. Since the pin is stationary and the disc is rotating, heating at
any point on the disc periphery is periodic in nature. The temperature
field equation for periodic heating for a semi-infinite slab (58) is

_given by

. O . cos(Tmx - 2n =
g =, e ; cos( T x - 201 ) (19)
(U O

where s is the amplitude of surface temperature; d, the thermal diffusiv-
ieve 1 the period of temperature oscillation; i, the time; and x, the

depth of the slab.
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It can be scen from the above cquation that the advancing tempera-

turc wave decreases in amplitude with increcasing depth by a facter

cxp(nfgﬁr-x).
0
The wavelength of the above cosine wave is given by
A s Z/na'ro (20)

From the plots of x/x1 as abscissa and tllts as ordinate, it is
found (58) that the depth x, vhere the amplitude is reduced to a very

small fraction of that on the surface, is given by
X = 1.6Jﬂa10 ' - (21)

Taking @ = 0,085 cmzlsec for the disc material and TO

which is the time of rotation fcr a disc rotating at 200 rpm (speedﬁ

= 0.3 sec,

usced in the experimental investigation ranged from 50 to 500 rpm), x was
calculated as 4.5 mm. Since this depth is very small compared to the
radius of the disc, the portion of the disc affected by the temperature
oscillation has a small curvaturc. As such, the application of the
above cquations, to the arrangement being considercd will not produce
any appreciable error. Since the tempcrature rise affeccts a very small
depth below the disc periphery, the disc may be considered as having two
parts, one an annulus of inside radius R1 and outside ;adius R, and the
other a cylindrical disc of rédius Rl' It may further be assumed that
the temperature gradient in the radial direction in the latter portion

of the disc is zcro. This lcads to the following boundary condition:

At r = Rl' %% = 0, so that from Equation (18)
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a1 - (s dIO(or) ' dKo(cr)]
dr 0 dr 0 dr
raRl r-Rl

® dI_(or) :
+ n!jl[—d—t-—(an cos ny + pn sin ny)

dKn (or)

+dr

(crl cos ny +d sin ny)} (22)

=R

Putting

dxn(or) | )
dr qn

™%

the following relationships are obtained from Equation (22) -

+c.q. =0 4 (23)

3P0 T 0%

ap +cgq = OA ) (24)

bnpn + dnqn =0 ' (25)

Writing from the above equations
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Q. .94
9% Pp 0

and substituting in Equation (18), we get
a -
T = 1, [pgKy(0r)-q4T (om)] + nfl (1, {p X (or)
- q I (ot)}cos ny + m_{p K (or) - qnxn(cr)}sin ny]  (26)

2. The secondary boundary condition is obtained from the consid-
eration that a part of the heat generated at the sliding interface is
lost through the periphery of the disc by convection and the remainder

is conducted radially inwards. Thus we get

y 2T CChY AT
A!d-g-E- oY, 4" (-A'BT @27

at r = R, where A'-AO = A', because AO is negligibly small compared to
A',
Here
A' = peripheral area, 2nRt

Ao = area over which heat is geherated, i.e., the area of the
pin~disc contact surface

h = film heat transfer coefficient for periphery of the disc

q'(§) = heat flux (heat generated per second per unit arza)
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and y = heat distribution coefficient, i.c., the fraction of heat
}  generated going into the disc.

Dividing Equation (27) by A'Kd, we get

at _ A% W n
or A'Kd Kd

Substituting -:— = H and Aoq'(v) = q, we get
d

2T AN
ar’”“ A'K

= F (28)
d o

where q is the heat generated per second due to friction and is given by

where j, is the coefficient of friction; N, the normal load; V, the slid-
ing speed; and J, the mechanical equivalent of heat,
The right hand side of Equation (28) can be expanded into a Fourier

series of period 2nm as
[} . :
F = Fo + (Fn cos ny + Gn sin ny) (29)
n=1 . :
DifferenCiating Equation (26) with respect to r and substituting the
result in Equation (28), we get
1,0 & + 1) {pyK, (0T -a 5T, D) }]
o' Jdr 00 90

=R

[}
)
+ n.Z‘:lln[ (a—r- + H) {ann(or) - qﬂl'n(cxr)lr]x_=R cos n¥

- _
+ Im| (g-; + H){p K (or) - ann(or)}] sin ny
n=1 r=R .
>
=Fy+ I (F cosny+G sin ny) ' . (30)

n=1
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Equating the coefficients on both sides of the above equation, we get
- 9K (ar)
Fo = 10[p°{—-r + HKO(or) }

dIo(or)
" Gol—ar— + Ml

oc
F
Lo = ° (31)
[po{-cl(l(ck) + HKO(GR)}-qO(cIl(cR) + HI,(oR) }]
Similarly,
po-11&+ B (P K, 00) -, L 0]
or
F
1= =
" [p, (-0K,_; (R) K, (OR+HK (OR)}-q, (01, (FR) =51, (FRIHI, (OR)}]
(32)
and
G, = m [ G+ W (p K (00) - a L GOH o
or
c
m = I
n
(p (-0K _; (9R) —X_(OR) +HK_(0R)}
n .
-q_{0I__,(oR)-3I (0R) +HI (oR)}] (33)

Denoting the denominators of Equation (31) as X, and those of

equations (32 and (33) as x , we may write




n X - (34)

and

Substituting the values of 10, ln and = from the above into

Equation (26), the temperature rise at the rubbing surface of the disc

is given by
Fo ‘ ' <
T = ;-IPOKO(GR)-qOIO(’JR)l + I iz {p K (OR)
=R 0 _ o=l "n
; Gn
'ann(OR» cos n§ + ;;{pnxn(cx)—qnln(okﬂ sin ny] (35)

Since the heat on the disc surface is generated only when it is in

contact with the pin, we may write
79 = Q1 for <M}

= 0 for (K¥2m

The value of ] can be calculated from

0"'§

where d is the diamecter of the pin.
The values of the coefficients, FD’ Fn and cn in Equation (29) are

to be evaluated as folliows:
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B LS . )

]
[l
o e

|
| F cos n{d¢
)

cos n¥dy

"
A=

0

Bﬁqu

TA'K 3.

Similarly,

2n :
F sin nydy

(7]
]
3 o
N e

0

74

ﬂA'K.d

1 Y]
{- = cos njy]
" 0

]
Bﬁqu

ﬂA'l(.d

(38)

2.4, Heat Distribution Coefficient

In order to calculate the temperature rise using Equation (35), the
heat distribution coefficient is needed. This is the ratio of the amount
of heat energy flowing into the disc to the total heat generated at the

sliding interface. If y,q is the amount of heat energy flowing into the




disc, then (I-yl)q will be the amount of heat flowing into the pin where
the heat carried out by wear particles is assumed to be negligible.
Considering the heat transfer by conductioa along the length of the
pin and by convection from the periphery, the differential equation (58)
for temperature distributiom in a pin of lemzth 1, cross-sectional area

Ays and perimeter p is given by

2 h,p
e 2 e - =
ox P o ' '
where Kp = thermal conductivity of the pin material
t = temperature in the pin at any axial distance x

t, = ambient temperature

‘heat transfer coefficient for the pin.

F

Substituting

Ts= t-tf

Po

in the above equation, we get

2
ot . wr-o (40)
ox .

The: general solution of this equation is

T A #Be (41)
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The boundary conditions are as follows:

(1) at x = 0 (i.e. at the interface), T = TP

(2) at x= L, T = 0 (i.e. no temperature rise)

Wwith these two'cqnditions, the temperature distribution equation becomes

! ‘ T sinhm (L-x)

| T(X) =~ imh (=t) (42)
Hhere-Tp is the temperature of the pin rubbing surface.
Now the rate of heat flow iﬁto the pin at x = 0 is given by
dT.
Q, = -AK o
2 0 pvdx x=0
. AOT Km , _
tanh (m¢) - (43)
Putting Nl = ml in the above equation, we get
T - Qlt tanh (Nl) _ )
P~ AN (44)
(LyDutv |
Substituting Q2 = (l-yl)q = 3 from Equation (29), we get
(1-y,) uNV £ taoh (N)) -
T . —t— L (45)
P 0pl

Putting the value of q from Equation (29) and the values of
Fo, Fn and cn from Equations (36, 37 and 38), respectively, in Equation
(35), the temperature rise in the disc rubbing surface is given by

uNV‘)’1

Near = T = ATk ° (46)
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® B
Q )
S = [2x {POKO(OR) - QOIO(OR)} +& T x {PnKn(OR)
0 n=1 'n )
o B
- . « I
an“(OR)}Los ny + n:i x_ {ann(cR)

- where
|
|
|
\
|

- ann(aR)}sin ny]

Considering the equality of température at both the pin and disc
rubbing surfaces,

i.e., Tp = TD

we get

nA'Kdz tanh (Nl)
n- K - 3
1 KpAoN S + mA'K ~ tanh (11)

(47)
1 :

The above equation demonstrates that the heat distribution coef-
ficient depends upon the dimensions, thermal conductivities and heat

transfer coefficients of the sliding members.

2.5. Heat Transfer Coefficients

The heat transfer coefficient h for the disc periphefy is required
for the calculation of X and x in Equation (46), whereas the coefficient
h' for the sides of the disc is needed to compute the argument 0 in the
same equation.

Due to the lack of data on transfer of heat from the periphery of
a rotating disc, the heat transfer coefficient h was estimated froﬁ
several studies (59-61) on the heat transfer from rotating cylinders.

These studies report that, at rotational Reynolds numbers (based on
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diameter) of less than 1,000, the heat transfer is virtually unaffected
by rotation but is totally controlled by free convection or the Grashof
number. In the Reynolds number range 1,000-10,000, both the rotational
Reynolds number and the Grashof number govérn heat Cransfer,Athough the
effect of the Grashof number starts to decrease beyond a Reynolds number
or about 1,000, For Reynolds numbers higher than 10,000, it is the
Reynolds number alone that is important. Thus, in estimating the value
of h up to a Reynolds number of 10,000, the following correlation for

calculation of the Nusselt number, as proposed by Etemad (60), may be

used:
Nu = 0.11{(0.5 Re’ + Gr) . Pr]% % (48)
where
. . vD
Re = rotational Reynolds number, -
Ry
Nu = Nusselt number, P
a3
Peat D,
Gr = Grashof number, 3
v
Pr = Prandtl number, Egtx
a

_ Where V is the speed; Dd’ the diameter of disc; At, the temperature
| difference; and g, the acceleration due to gravity. Here v, ka, B, Cp
and By denote the kinematic viscosity, themmal conductivity, coefficient
of thermal expansion, Spécific heat and dynamic viscosity of air, teéﬁec-
tively, all of which are evaluated at the film temperature. Since a prior

knowledge of the temperature rise is needed to calculate the Grashof num-

ber, it is desirable to estimate the Nusselt number withbut taking the




Grashof number under consideration. A justification for this is provided in
Section &, Since the Grashof number is negligible for Reynolds numbers
higher than 10,000, the same equation.ignoring the Grashof nuﬁber will be
used in these calculations.

~ The heat transfer coefficient h' for the sides of the disc can be

calculated using the following correlation by Richardson and Saunders (62):

/4

1D
Nu = B8 - 0.40 (Re? + Gr)} (49)

a
where the Reynolds and the Grashof numbers are for the disc radius.
The heat transfer equation developed here has been verified ex-

perimentally in Section 4.
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3. EXPERIMENRTAL PROCICTRE
3.1. Sliding Experinents

3.1.1. Experimental Set-Up

The sliding experiments at high speeds (9.5 m/sec and above) were
performedA in a pin-and-disc type machine, showm in Figure 3(a). 1t con-
sists of a disc (9.85 cm dia and 6.8 mm tiu’.ck) of AISI 4340 steel, hard-
ened and ground (R, 55 and 0.2 um RYS), vhich is keyed to a motor st;aft:.
The speéd of the motof can be varied from adcut 50 rppvl:o 2500 rpm by a
speed controller. A polymer pin' (2.0 cm -long, 6.3 om dia) ri_des on the
rotating disc and provides a sliding motiom between the two. Tﬁe load
on this pin is applied by dead weights supported #t the end of a horizon-
tal beam. A leverage qf 4:1 is ach.ieved a: the poiy:::er Speci;men, which
is secu_réd to the vertical member with a holder. The vertical member
carries two strain gages which allow for the neasurement of fric;tion

force arising from the sliding motion between the steel disc and the

~ polymer spécimen. The output of the strain gages is amplified, and

.recorded by a Brush Mark 220 recorder.

A triﬁometer (63), was used to perform sliding at a very low speed
of 0.002 m/sec, to avoid heating- at the interface. Such a low sliding
speéd could not be obtained in the pin-and-disc type naclnne. The slid-
ing in the tribometer was performed between a polymer disc and a hemis-
pherical steel indentor. The polymer disc is screwed to a brass disc
which derives rotary motion from a revérsiﬁle speed. 1/3 hp motor through
a reduction gear box., The indentor is attached to a cantilever amm which
is hinged to a saddle that traverses on two fixed guides when a screw

rod is tumed; This provides an arrangement for changing position of the
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indentor on the flat surface of the polymeric cisc specimen, The in-
dentor is loaded through a lever rechanisa by a combination of ‘dead

weights.

3.1.2. Temperature Measurements ‘

The temperature measurements vere performed for high speed condi-
tions only in the pin-and-disc type machine (Figure '3(a)), - The arrange-
ment consisted of a thermocouple junction of very fine vires (3 mil dia),
- snug-fitted into a 0.6 mm diameter hole drilled from the side al:-about_'
.1.5 mm distance from the sliding end of the polymer pin. The leads
were connected to an automatic Speedomax W/L uéds.and Northrup temper-
ature recorder. |

In order to determine that the thémocouple junction was in good
contact with the surrounding pin material, and that the measured tem-
perature was not erroneous, a polymer slab was compression molded with
thermocouple junctions in it. The cyh.ndncal specimens, with a thermo-
couple junction in each, were machined and later used for the measure-
ment of temperature. The temperature rise valﬁes were found to be in
close agreement for both arrangements.

The problem with both aﬁmgmu was that the rapid wear of the
polymer pin exposed the thermocouple junctiom to the disc surface at
| times. Furthermore, the distance between the junction and the rubbing
surface was changing continuously. It was, therefore, decided to use
the slip ring and brush assembly shown in Figure 3(b). It comsists of
a thermocoupie junction A (Figure 4), embedded i.n the rotating disc at
a depth of about 15 mil from the sliding surface, Tﬁe slant hole in the

disc was drilled at about 30 mil from the peripheral surface at an angle -
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Fig. 4. Schematic diagram of temperature measuring system.
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of approximately 80° with the radial direction of the disc. The thermo-
couple wires are connected to the slip rings through C1 and CZ' This whole

rrangement constitutes the revolving circuit. The stationary part of the
circuit consists of brushes which are connected to the temperature recorder
through c3 and CA'

! ' The measuring syétem was calibrated by immersing the disc (with the
thermocouple junction in it) in a stationary condition in the reference
temperature baths of ice water andlboiling wvater. The generaticn of any
stray emf in the system due to heating at the slip ring-brush contacts

~ was checked by rotating the disc at different speeds. No temperature
rise was noticed during the first few seconds. As an additional check,
after a steady-state Cemperature condition had been obtained at the
rrubbing surface, the disc was stopped. Again, no change in temperature
was noticed, It was thus concluded that no significant stray emf was
being genecated due to rotatian.df the disc. This agrees with the ob-
servation of Tarr (64), who found that the stray emf produced a negli-
gible + 0.8°C (maximum) difference for a speed of 27.5 m/sec.

" Using this system, the temperature rise corresponding to boch the
steady and the unsteady state heat transfer conditions was measured for
each combination of the sliding speeds, 0.25, 0.5, 1.0, 1.5, 2.5vand
4.0 m/sec, and the loads, 1150, 1650 and 2750 g. The coefficient of

friction was also measured using the strain gage arrangement shown in

Figure 3(a). . ~
3.2. Material Selection

The polymeric materials sclected for the present work were high

density polyethylene, polyoxymethylene, PTFE, polypropylene and poly-
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carbonate. The sclection was guided by the consideration that all of
these matcrials arc cxtcnsivcly uscd in applications where sliding or a
combination of sliding and rolling-mutions are involved. For cxample,
crystalline polymers, namely, polycthylene, polyoxymcthylene, poly-
propylcne and PIFE, arc commonly uscd for bearings, bushings, slides,
guides, valve liners, gcars, cams, ctc. Since failure due to wear limits )
the usefulness of these parts, an understanding of the mechanism of wear
failure was considered technologically important.

In addition to the above materials, polycarbonate (which is an
amorphous polymer) was also inéluded in some wear studies to.provide an

idea of the mechanisms of wear for both the crystalline and amorphous

polymers.

3.3. Specimen Preparation for Sliding Experiments

The pol&mer pins were machined from about 35 mm diameter extruded
rods bought from Cadillac Plastics and Chemical Co. The rubbing surface
of the pin wa§ finishcd By polishing with 240, 400 and 600 grade emery
"~ papers under running water. The surface Qas exanined in an‘opcical micro-
scope to ensurc that it was free from the embedded particles detached
during polishing. After cleaning the surface with distilled water and
isopropyl alcohol, the pins were stored in a desiccator for about 12-14
hours before testing. The steel disc was machined from a 12 cm dia rod
of AISI 4340 steel. It was hardened to 55 R.> and thebperiphe;y was
finished smooth to about 0.2 ym RMS by grinding. The polymer discs were
machined from about 12 um thick sheets bought from Cadillac Plastics and

Chemical Co. The surface of the disc was abraded with 600 grade emery
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paper using radial strokes to produce abrasion grooves in the radial
direction, The hemispherical metallic indentor was made from a low
carbon steel, It was finished smooth by grinding and polishing opera-

tions and then cleaned with isopropyl alcohol.

3.4, Differential Thermal Analysis (DTA) Measurements

The material removed from the polymer pin sliding surfaces was
analyzed by DTA in order to detect whether softening or melting takes

place in the immediate layer of the rubbing surface of the polymer pin.

Here a Rigaku differential thermal analyzer was used with powdered alumina

as the reference material. The heating raté was set at 5°C/min, and the
range was 100 y4V. In order to prqduce samples for DTA, rubbiﬁg was
performed in the pin-and-disc type machine under a constant load of

2750 g, and the sliding speed was varied from 1.5 to 4 m/sec. .Thus,

the sample for DTA consisted of fragmented polymeric material produced
as a result of sliding. 1In cases where pins failed because of excéssive
deflection under severe sli&ing conditions, enough of the fragmented
material was obtained. Under less severe conditions when such failure
did not occur, some material had to be obtained by scraping the sliding
tip of the pin., The weight of each sample used for differential

thermal analysis was kept approximately the same. The analysis was

repeated several times to ensure the correctness of the data.
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3.5. Surface Examination

3.5.1. Scanning Electron Microscopy

The sliding surfaces of the polymer pins were examined in a scanning
electron microscope in order to sﬁudy the nature of deformation occurring
at the rubbing surface. The samples were prepared by coating the sliding
surfaces with C and Au under a vacuum to reduce charging. Tt{e accelerating
voltage used in the electron microscopy work was between 5 and 10 kV to
‘minimize radiation damage.

3.5.2. Transmission Electron Microscooy

Transmission electfon microscopy of the sliding surface was carried
out to study the nature of wear under low speed conditions. Here the slid-
ing was perfoﬁned between a polymer disc with radial abrasion marks and a
steel indentor in the tribometer. When the disc rotated about its center,
the sliding direction was at about a 90° angle to the abrasion marks.

The sliding conditions chosen consisted of a load of 1600 g, a speed

of 0.002m/sec, and a time of 20 min, Replicas for examination in the
microscope were made from both the sliding track and out-of-the-t:r#k-
portions. A conventional replication technique was used. It involved

- shadowing the surface in a vacuum with Ge, sputtering with C, deposition
of a thin layer of 3% aqueous solution of polyacrylic acid (PAA), and
removal from the polymer surface of the dried layer, whiéh was floated
later on distilled water so that the PAA could be dissolved. The extrac-
tion replica thus consisted of shadowed Gev with a backing of carbon.

A sketch of a polymer diéc showing the abrasion marks, wear tracks

and replicated areas is shown in Figure 5.
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ABRASION MARKS
POLYMER DISC

REPLICATED AREAS

WEAR TRACKS

st 7,3 CM D]A i

Fig. 5. Sketch of polymer disc showing.the abrasion marks, wear tracks
and replicated areas.




3.6. Measurement of Wear Particle Size

The loosc polymer wear particles collected on the aluminum pin
holder wre used for masuring the rize of wear particles. The measuré-
_ments were carried out on all particles located in an arbitrarily selected
area, using a Bausch and Lomb optical microscope. The particle dimensions
vere measured in two directious perpendicular to each other.

In the experiments performed on the pin-and-disc machine, the load
wvas vecied from 920 g to 1720 g in 200 g increments. The sliding speed
was kept constant at 0.5 m/sec to minimize the heating effect. The slid-

ing time was about an hour.
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4, TEST RESULTS AND DISCUSSION

4.1. Temperature Rise at the Disc Rubbing Surface

4,1.1, Measured Temperatufe Rise

It has been noted that temperature at the rubbing surface was mea-
sured under varying load and sliding speed conditions, using a thermo-
couple with its junction located at about 0.3 mm below the surface.
Since the disc material is highly conductive, the average temperature

on the rubbing surface should be very close to the measured temperature.

The temperature measurement was carried out in order to determine the

extent temperature was controlling the wear mechanism. Since poiymers
have considerably lower softening or melting points than other materials,
even moderate values of temperature rise at the rubbing surface are likely
to produce séftening and thus lead to a catastrophic wear failure.

The variation of temperature with time for different sliding speeds
and load combinations is shown in Figures 6-9 for.high density poly-
ethylene, polyoxymethylene, PTFE and polypropylene, respectively, Here
the sliding conditions were chosen with the objective of covering both
the steady state and unsteady state conditions; so that tﬁe transition
from steady state to unsteady state could be studied. It was not practi-
cal to get the unsteady state data for polypropylene because of excessive
stick-slip motion. As for polycarbonate, the stick-slip motion occurred
even at the lowest sliding speed (0.25 m/sec) uséd in this experimental
investigatioﬁ. For this reason, temperature measurements on this
material were not carried out. '

A transition from steady state to unsteady state was observed in the
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Fig. 6. Plot of temperature vs. time for high density polyethylene;
: (a) steady state conditions, (b) tramsition from steady state
to unsteady state. x indicates the point of failure.
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Fig. 7. Plot of temperature vs. time for polyoxymethylene; (a) steady
state conditions, (b) transition from steady state to .unsteady
state. X indicates the point of failure.
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Fig. 8. Plot of temperature vs. time for PTFE; (a) steady state condi-
tions, (b) transition from steady state to unsteady state.

x indicates the point of failure.
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Fig. 9. Plot of temperature vs. time for polypropylene under steady
state conditions.
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sliding speed range 1.5-2.5 m/sec for high demsity polyethylene (Fig-

ure 6b); 2.5-4 m/sec for polyoxymethylene (Figure 7b); and 1.5-2.5 m/sec
for.polyoxymethylene (Figure 7b); and 1.5-2.5 m/sec for PTFE (Figure 8b).
The failure in the unsteady-state sliding condition for high density pélv-
ethylene and polyoxymethylene was accompanied by excessive drawing of fibers
in the contact zone and deflection of the pin, creating unstable sliding
¢ond1tion;. The measured temperature at the point of failure for high
density polyethylene was about 114°C, and for polyoxymethylene 168°C,

both of which are close to the melting points of the respective

materials (137°C-142°C for high density polyethyl'er;e and 181°c-188°C for
polyoxymethylene). The fiber drawing phenomenon is therefore attributed

to softening at the contact surface (may be melting at asperity

junctions). Contraty to the above two cases, the failure of the PTFE pin

was due to excessive wear, leading to unstable sliding conditions, with
no sign of fiber drawing or large deflection. The highest measured tem~
peratures in this case were 24000-28600, which are considerably lower
than the melting point of the ﬁacerial (327°C). As such, no softening
(or melting) occurs in the sliding of PTFE. |

In order to invéstigate the cause of excessive deflection, the
coefficient of friction vs. time measurements were carried out at pﬁe
load and sliding speed combination, corresponding ﬁo each of the steady
state and unéteady state conditions for high density polyethylene, as
shown in Figure 10. Whereas the coefficient of friction remains more
or iess constant in the ateady state condition, it increases continu-
ously in the unsteady state'condition, rising to a value as high as 4

at the point of failure. Similarly, for polyoxymethylene, the
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COEFFICIENT OF FRICTION, w

10

TIME, MIN

Fig. 10. Plot of coefficient of friction vs. time for high density
polyethylene. Curve A for 1150 z load and 0.5 m/sec speed,
and curve B for 1150 ¢ load and 2.5 m/sec speed.
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coefficient of friction at the point of failure was 4 as opposed to 0.22
in the steady state condition. Thus the excessive deflection is due to
a considerable increasé in the tangential force at the rubbing surface.
A very high value of the coefficient of frictiom at the failure point
results in excessiQe dissipation of mechanical emergy and consequently
in a large temperature rise leading to softenisg. It should be noted
that the increase in coefficient of fr;ction and temperature are the two
phenomena mutually dependent upon each other. 1In case of PTFE, there
was neither a large increase in temperature nor in coefficient of fric-
tion at the point of failure.

4.1.2. Estimation of Heat Transfer Coefficiects

In order to calculate the tempet#:ure rise atr the rubbing surface
using Equation (46), the heat transfer coefficien:s (h for the periphery
of the disc and h' for the sides of the di#c) peed to be estimated.

The former is required for the calculation of x aad x> and the latter
for c. The rotational Reynolds numbers in the present study ranged from
about 1,500 (for 0.25 m/sec speed) to 15,000 (for 2.5 m/sec speed). As
mentioned earlier, for Reynolds numbers up to adout 10,000, Equatioﬁ (48)
is to be used. The problem here is that the Grashof number camnot be
calculated unless the temperature rise is knowm. The effect of the
Grashof number on the heat transfer coefficient was, therefore, studied
by plotting the right-hand side of EQuation {58) as a function of temper-
ature rise both with and without. the Grashof =wmber (Figure 11), It was
found on calculation that for sliding speeds belaﬁ 1.0 m/sec, the Grashof

number is negligibly small in comparison to 0.5 Rez, because the corres-

ponding temperature rise is very small. As such, a Reynolds number
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Fig. 11. Plots of temperature rise vs. Nusselt number with and without
the Grashof number. : :




of 6,000, which corresponds to a speed of 1 m/sec, was used for the plot
of Figure 11. It caﬁ be seen that the Nusselt number values are within 7-
2% of where the higher variation corresponds to higher temperature rise.
Since the maximum steady state temperatﬁte rise was limited to 45°C in

our measurements, even for sliding speeds as high as 4 m/sec, the effect

of Grashof number on the heat transfer coefficient is insignificant,

The following correlation, which is obtained from Equation (48) neglect-
ing the Grashof number, is therefore suggested for calculating the

Nusselt number:

2

Nu = 0.11 (0.5 Re> pr)?+3

(50)
As mentioned in Section 2, the above correlation is valid for Reymolds
numbers higher than 10,000 as well,

A critical review of the correlations for heat transfer from a

rotating cylinder, proposed by different authors, revealed that the

Nusselt number values obtained from these are not significantly different.

‘ For example, the following correlation; suggested by Kayé and Bjorklund

(61), was

Nu = 0.095 Re2/3 | (51)

which gave &u to be about 67 less than that obtained using Equation (50).
This shows that the error, if any, introduced in the estimate of the
heat transfer coefficient by ignoring the Grashof number, is closé to the
experimental variation.

For the calculation of h', Equation (49) may be used. This too
involves the Grashof number., Therefore, the effect of the latter on the

heat transfer coefficient h' was studied as before by plotting the
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calculated values of the Nusselt number, both consid;ring and ignoring
the Grashof number as a funccioﬁ of temperature rise (Figure 12)., Using
the same réasoniqg as before, it is concluded that the effect of the
Grashof number on h' is even more insignificant. Therefore, Equation (49)

is reduced to the following:

Nu = 0.50 (R:ez)("25 ' o (52)

The properties of air used in estimating the heat transfer coeffi-
cients are for the film temperature which is to be calculated. The vari-
ation of these with temperature was, therefore, studied as follows.

Equation (50) may be written as follows:

. Kk ' i
h=0.11 52 [0.5 Re? pr) 03
a
or
ip 0-3  0.11 k(0.5 pr)0-¥
d a
= (53)
0.7 0.7
| D,V
because Re = -7;-

The right-hand side of Equation (53) can be evaluated for different
temperatures because it contains a Prandtl number (which is a temperature-

dependent parameter) -and the properties of air. The variation of

0.11 k_(0.5 pr)0-33

[
07

In a similar manner, Equation (52) may be written as:

] with temperature is shown in Figure 13.

(substituting Re = %%)




Hu = 0.4[ReZ + 6r]0-2°

0 1 ] 1 L | -
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Fig. 12. ' Plots of "temperature rise vs. Nusselt number with and without
the Grashof number.
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0.40 k
KJO.S -~ a
By s | (54

Here too the right-hand side of the above equation can be calculated for
0.4 k
different temperatures. It provides the plot of C—jy?f% vs. temperature
7

wvhich is also shown in Figure 13.
004 k
It is seen from both the plots given in Figure 13 that ( 0.5
0.11 k (0.5 pr)**>° v
¢ 0.7
fore foliows from Equations (53) and (54) that, for all practical purposes,

a

) and

) remain fairly constant with temperature, It. there-

h and h' are also independent of the temperature, because Dd, R and V are
constants for any sliding condition. In the calculation of h and h' from
Equations (53) and (54), the properties of air corresponding to the am-
bient temperature may be used without introducing any significan: error.

4,1.3. Calculation of Temperature Rise

The temperature rise for steady state conditions was calculated using
Equation (46), where 71 wés obtained from Equation (48), For the maximum
variation in sliding speed, which was from 0.25 to 2.5 m/sec, 71 was
found between 0.97 and 0.99. Neglecting the term (kp Ao Nl S), which is
negligibly small compared to the other temm (nA'Kdi tanh Nl) in the
denominator of Equation (48), 141 becomes approximately equal to unity.
This will make the predicted tempefature rise values larger by about 1-37,
which is satisfactory for normal engineering practice.

The values of the modified Bessel functions of the first and second
kind, IO(UR), In(oR), KO(GR) and Kn(oR), were évaiuated for different

values of g with n = 1,2,3...etc., by using the computer programs given

in Appendix A. The predicted values of temperature rise along with the
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measured values are plotted against the sliding speed for different loads
in Figures 14-17 for high density polyethylene, polyoxymethylene, PTFE
and polypropylene respectively.

4.1.4. Comparison of the Measured and Predicted Temperature Rise

The comparison between the measured and the predicted values of
temperature rise (Figures 14-17) shows that the agreement is as good as
can be expected for a complex sitqation like this. Minor discrepancies
are accounted for in terms of an error of + 0.5°C in measured tempera-
ture rise, created by a narrow Spfead'of the temperature recorder scale.
There is also an error in predicted temperature because of the variations
in the sliding speed and the coefficient of friction, both of which enter
the-tempcrature risé cquation. | .

Considering a variation of 5% in the sliding speed and 107 in the
coefficient of friction under apparently ideﬁtical siiding conditions,

a propagation of error analysis was made for the calculated temperature
fise. This.analysis is given in Appendix B, along with a sample calcu-
lation which provides a permissible error of 11.800 for polyoxymethylene
sliding at 1.5 m/sec and 1650 g load. On the basis of similar calcula-

tions, the error in predicted temperature rise was estimated to be 1;.4°c

to i}.4°c, corresponding to the lowest and highest sliding speeds respec-

tively.

4.2. Investigation of Polymer Sliding Surface Using DTA

In order to determine if softening (or melting) of the polymeric
pin in the contact region was the basic cause of failure in sliding at

speeds higher than 1.5 m/sec, the worn fibrous material, or the material
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rubbing surface in steady state condition.
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scraped from the rubbing surface of thc pin if the fibrous material was
not present, was analyzed by DTA. This was done for high density poly-
ethylene, polyoxymethylene and PTFE becausc the pin faoilure due to an
unsteady state condition was observed only with these materials. Here
the sliding speed was varied from 1.5 m/sec to 4 m/sec while the load
was kept constant at 2750 g. The DTA results are given in Tables 1-3,
A comparison of the melting point of the worn sample with that of the
unworn polymer shows that for polyethylene and polyoxymethylene, a
lowering in melting point takes place for all the sliding speeds except
1.5 m/sec. Sﬁch a lowering in melting point is likely to occur only
because of some morphological changes or a result of degradation.
Wunderlich and Kashdan (65) have shown by DTA that the melting point of
polyethylene.was lowered by 1.5°C when the material was melt-annealed
at 150°C and cooled rapidly to room temperature. For polyethylene and
polyoxymethylene sliding surfaces, similar conditions corresponding to
melt-anneal might have been reached at high speeds. When the sliding
Has'stOpped, the surfaces cooled quickly; thus, a heating and cooling
cycle of this type might have caused morphological changes. The lower-
ing in temperature as a resﬁlt of degradation was verified by DTA on
polyethylene involved in sliding at 2.5 m/sec speed, where the sliding
was continued even after the pin had undergone considerable deflection.
The rubbing surface was examined in an optical microscope and was found
to be covered with a large number of black particles, which were es-
sentially the product of degradation. When this material, together with
a thinllayer of the underlying material, was analyzed by DTA, a melting

point of 138°c was observed. Thus, it could be inferred that under
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Table 1. DTA results for high density polycthylene sliding

surfaces.’
Sliding speed Specimen weight Melting point
-1 o
ms g . c
1.5 0.0113 142
2.5 0.0126 138
4 0.0133 136

%he load was kept constant at 2750 g. The melt%ng point
of the unworn polyethylene as measured by DTA was 142°C.

Table 2. DTA results for polyoxymethylene sliding surfaces.?

Sliding speed Specimen weight - Melting point
-1 o
ms 4 C
1.5 0.0135 188
2.5 - 0.0128 186
4 0.0115 : 185

%he load was kept constant at 2750 g. The melting point
of unworn polyoxymethylene as measured by DTA was 188°c.

Table 3. DTA results for PTFE sliding surfaces .2

Sliding speed Specimen weight Melting point
-1 o
ms : g Cc
1.5 0.0112 327
2.5 0.0108 327

4 0.0120 327

#he load was kept constant at 2750 g. The melting point

~ of the unworn PTFE as measured by DTA was 327°C.
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severe sliding conditions (here 2.5 and 4 m s-l speed conditions), the
polymeric material is being heated to a temperature equal to or at least
close to the melting point, and may also be degraded at some asperify
juﬁctions.

Tﬁe DTA results are in agreement with the temperature measufement
studies on high density polyethylene and polyoxymethylene at sliding
speeds higher than 1.5 m/sec, where the temperature reached at the point
of failure was close to the melting point of the respective material.
The only disagreement between the two studies is for polyoxymethylene
sliding at 2.5 leec speed and 2750 g load, where the DTA provi&ed
evidence of softening when the measured temperature was well-below the
melting point of the polymer. Since these measurements provide an
estimate of the average temperature rise, such a disparity is not ruled
.

As seen in Table 3, the melting point of PIFE for any of the slid-
;ng conditions is not lowered. Therefore, it is reasonable to conclude
that melting did not take place at the sliding surface of PTFE even at
higher sliding speeds. This is in agreement with the temperature mea-
surement studies, because the measured temperatures were 240-28000 below
the melting point of the material. |

4.3. Examination of Polymer Sliding Surfaces by
Scanning and Transmission Electron Microscopy

4.3.1, Scanning Electron Microscopy

The sliding surfaces of high density polyethylene, polyoxmethylene

and PTFE were examined by scanning electron hicroscopy to verify the
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conclusions derived from DTA studies and to gain some further insight
into the nature of wear phenomenon. The sliding was performed under a
constant load of 2750 é and at three speeds, namely, 1.5, 2.5 and 4.0
m/sec. The sliding conditions and the materials selected were the same
as those used earlier in DTA studies.

The scanning electron micrographs of sliding surfaces of the three
polymers mentioned above are shown in Figures 18-22. It is seen that the
appearance of these surfaces differs with varying sliding conditions.
When sliding was performed at a speed of 1.5 m/sec, the surfaces of all
the three materials exhibited abrasion marks along with polymer wear
particles or their agglomerations (Figure 18). The aﬁrasion marks in
the case of PTFE are covered with a large number of wear particles
because of the severe wear of this material. At the higher speed of 2.5
m/sec, the deformation oﬁ sliding surfaces in the form of a localized
flow of material is indicated for high density polyethylene and poly-
oxymethylene in Figurés 19(a) and 19(b), respectively. The flow is in
the direction of sliding and has probably been caused by thermal soften-
ing of the rubbing surfaces. No such material flow was observed on the
sliding surfaces of these two polymers at the lower speed of 1.5 m/seé.
At the higher speed of 4 m/sec, the localized flow of materials on the
sliding surfaces of polyethylene and polyoxymethylene is seen even more
clearly in Figure 20(a,b). A similar flow of material has been reported
by Tanaka and Uchiyama (32) on the sliding surfaces of polypropylene and
nyloh at 1 m/sec speed. The loéalized flow of material is much more
obvious in the micrograph of the polyoxymethylene sliding surface ob-

tained at a higher magnification (Figure 21).




Fig. 18.

(c)

Scanning electron micrographs of polymer sliding surfaces:
(a) high density polyethylene; (b) polyoxymethylene;

(c) PTFE. Sliding conditions: speed 1.5 m/sec, load
2750 g. The direction of sliding is shown by the arrow.
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Fig. 19. Scanning electron micrographs of polymer sliding surfaces
showing localized flow of material in the direction of slid-
ing (shown by the arrow): (a) high density polyethylene;
(b) polyoxymethylene. Sliding conditions: speed 2.5 m/sec,

(a) o (b)

Fig. 20. Scanning electron micrographs of polymer sliding surfaces:
(a) high density polyethylene; (b) polyoxymethylene.
S§1iding conditions: speed 4 m/sec, load 2750 g. The
8liding direction is shown by the arrow.




70

"y

/
]

J
/

!

4

i

Y

L 4

'}

9’

.‘ 3
wn,

Scanning electron micrograph of polyoxymethylene sliding

surface showing the flow of material in the direction

of sliding (shown by the arrow).

same as in Fig. 20.

(b)

Scamning electron micrographs of PTFE sliding surface.

| g
s

, BV L ”

A whﬂﬁﬁ
TN
ﬂ\\ -\,‘ !

S1iding conditions
The sliding direction

(a) speed 2.5 m/sec, load 2750 g;

(b) speed 4 m/sec, load 2750 g.

is shown by the arrow.

T

( { \‘\.wf _..k.._\..m ;
;gwbn%g

Sl1ding conditions:

22

Fig. 21.
Fig




71

The scanning electron micrographs of PTFE sliding surfaces showed
that the appearance of these surfaces was different from that of the
other two polymers, where sliding was performed at the speeds of 2.5 and
4 m/sec (Figure 22). Here no localized flow of material is indicated,
although some discrete lumps of wear fragments are seen on the surfaces.
The fibers and films observed on these surfaces are typical of the worn
surface of PTFE, as reported by Tanaka et al. (30). The absence of
material flow here verifies that softening (or melting) does not take
place in the case of PIFE even at high speeds.

The comparison of thege results with those obtained by DTA supports
our finding that softening (or melting) is the cause of catastrophic
wear for high density polyethylene and polyoxymethylene at the sliding
speeds of 2.5 and 4 m/sec. This is not the case'with PTFE, and the
excessive wear of this material is due to the continuous removal of the
transferred material from the interface. The reason for this is the
much poorer adhesion of PTFE in comparison to that of the other poly-
meric materials,

4.3.2. Transmission Electron Microscopy

In order to ascertain the probable mechanism of wear at very low
gliding speeds, single-stage replicas of the sliding surfaces of PT?E,
high density polyethylene, polyoxymethylene, polypropylene and polycar-
bonate were madef These were examined in a transmission electron micro-
scope, and the micrographs are given in Figures 23-28. The arrow shows
thg direction of sliding. |

By examining the micrographs from two different locations of PTFE

sliding surfaces (Figures 23, 24), it can be seen that a large number
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Fig. 23. Transmission electron micrograph of PTFE sliding surface and
electron diffraction pattern from the encircled portion in the
top-left cormer. Sliding conditions: speed 0.002 m/sec, load
1600 g, time 20 min.




Fig. 24. Transmission electron micrograph of the same slidiné surface
as in Fig. 23, but from a different location.
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of thin films are stretched across an abrasion groove. A selected area
electron diffraction pattern, obtained from the encircled location in
Figure 23, is also inserted in the figure. The interplanar distances
were found by calculation to be 1.94, 1.62, 1.46 and 1.29 A. These
d-spacings agree within the limits of e#perimental error with the x-ray
results of PTFE by Bunn and Howells‘(66), and correspond to the diffrac-
tion from planes (0010), (300), (306) and (0015), re5pecti§e1y (a sample
calculation is given in Appendix C). Thus it is possible to éay con=
clusively that these are films of the PTFE m;terial. The sharpness of
the diffraction spots indicates that the films are highly oriented.
From the positions of the layer linés, it was found that the c-axi# h#s
been orignted in the direc;ion of sliding. The thickness of these films
(estimated from the curled edges) is approximately 300 i, which is roughly
equal to thevlamgllar thickness of a polymeric material. Thus, the
mechanism of the film formation during the sliding pfocess at low speeds
for PTFE is interlamellar shear, which is iﬁ agreement with the>explana-
fion provided by Makinson and Tabor (23) and Speerschneider and Li (67).
Tanaka et al. (30) have pointed out that these films are produced be-
cause of the deformation and destruction of its charactefistic bandeﬂ
structure.

Similar to the case of PTFE,Vthin films stretched across an abrasion
groove are seen eQen in the micrographé of the materials, namely, high
density polyethylene, polyoxymethylene .and polypropylene (Figures 25, 26
and 27). 1In case of polyethylenme (Figure 25), the films are not dréwn
as néatly and profusely as they are for PTFE (Figureé 23 and 24). The

analysis of the diffraction pattern obtained from polyethylene film showed
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Fig. 25. Transmission electron micrograph of high density polyethylene
sliding surface and electron diffraction pattern frea the
encircled portion in the top-left cormer. Sliding conditions:
Same as in Fig. 23.
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Fig. 26. Transmission electron miérograph of polyoxymethylene sliding
surface and electron diffraction pattern from the encircled
portion in the top-left cormer. .'liding conditions: -Same as

in Fig. 23.
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Fig. 27, Transmission electron micrograph of polypropylene sliding sur-
face and electron diffraction pattern from the encircled portion
in the top-left corner. Sliding conditions: Same as in Fig. 23.
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diffraction from planes (111), (211), (400), (230) and (330), which are
in agreement with those reported by Bunn (68). Here ;gaiﬁ the c-axis was
found to be oriented in the direction of sliding. Briscoe et al. (31) and
Tanaka and Miyata (33) have also observed films on the gliding surface of
high density polyethylene, but they did not idenﬁify these. The analysis
of the diffraction péttern, obtained from the film stretched across an
abrasion groove (Figure 26) as in the case of sliding on a polyoxymethy-
lene surface, provici diffraction from planes (100Y, (110) and (205),
corresponding to the :nner three circles of the spots. These diffracting
planes have been obscrved by Uchida and Tadékoro (69) and Bahadur (70)
for polyoxymethylene in x-ray analysis. Thus, it was concluded that
these are polyoxymethylene films resulting from the shearing action oc-
curring at the interfacé during sliding. The films were estimated to have
a thickness comparable to that of PTFE. Thin films were observed even
on the abraded surface of polypropylene and the ﬁiffraction pattern was
obtained from the film in the encircled location (Figure 27).

| The indexing of the diffraction pattern for isotactic polypropylene
(71), was performed considering a monpclinic crystal structure because
the monoclinic form is more common than the hexagonal form. With in-
creasing diameters of diffraction spots the corresponding planes are
(110), (130), (041), (150), (060) and (200). The diffraction from these
planes has been reported for polypropylene by Binsberger and DeLange (72)
and Bahadur (73). |

Contrary to the results obtained for PTFE, polyethylene, polyoxy-

methylene and polypropylene, films strctching across the abrasion grooves

could not be observed when the replicas of the olycarbonate (Bisphenol-A)
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sliding surface were examined in a transmission electron microscope.
However, fragmented films appear to be scattered around on the surface
(Figure 28). The electron diffraction pattern, shown in a comer. of the
micrograph, was obtained from one of ti'lese films,

The appearance of diffraction spots from an amorphous polymer may
raise some questions. Research in recent years on the morphology of .
aporphous polymers has shown, however, that these polymers consist' of
small domains (about 30-100 A) with local order within them. These
domains are often referred to as the nodular étrﬁcture in an amorphous
polymer (74). The random. coil stmcture‘concept used to explain the
sorphological structure of amorphous polymers in the past is losing
ground rapidly. To date, nodular structure has been observed in several
polymers, nanely, polly_carbonate, poly(ethylene terepthalate), natural
rubber, isotactic and atact';ic.polystyrehe and poly(methyl methacrylate)
(7%, 75). It is possible that severe deformation at the polymer slid-
ing surface orients these locally-ordered regions of nodules, thereby
cm an induced crystal stmcche. If this is so, an oriented dif-
fraction pattern would be expected for polycarbonate as well. Yeh and
Geil (76) observed that when a thin film of poly(ethylene terepthalate)
was stretched (drawm), the nodules aligned themselves in short rows in
the direction they were drawn. The electron diffraction pattern from
.such a film indicated that a three-dimensional crystal structure had
developed. This type of induced cx_’ystallinity due to deformation has

also been observed in polyisobutylene (7~7) and natural rubber (78-80).
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Fig. 28. Transmission electron micrograph of polycarbonate sliding sur-
face showing fragmented films and electron diffraction pattern
from one such film in the top-left cormer. Sliding conditions:

Same as in Fig. 23.
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4.4, Wear Particle Analvysis

4.4.1, Measurement of Particle Size

An analygis of loose wear féagments was performed in order to
develop a better understanding of wear in general., The microscopic
examination revealed that the shape of the particles resembled that of
a flattened ellipsoid. This is in agreement with the observations of
Rabinowicz (40) and Soda et al. (41) on the wear fragments of metallic
materials in adhesive wear situations, The size of wear particles was
measured along the r.ajor and minor axes of the elliptical surface, us-
ing an optical microscope under the load conditions mentioned in experi-
mental section (Section 3). From the data obtained, histograms (Figures
29-32) were plotted with the elliptical surface area of particles as
the abscissa and the number of occurrences as the ordinate; It may be
seen from these histograms that the surface area (or size) of wear
particles has more or less the same distribution, irrespective of-the.
load. This is shown in Table 4 where the surface area ranges have.
been given, ignoring occurrences up to 5. It may also be noted that
the surface area of PTFE particles is much larger than that of the
other polymers; this supports the higher wear rate of PTFE, which is
so commonly reported in the literaturg.

4.4.2. Estimation of Wear Particle Thickness

The thickness of wear particles has been estimated considering
the following model for the formation of a wear parﬁicle. When the
asperities on sliding surfaces come in contact, an adhesive junction
is formed. The latter is subjected to a compressive stress due to normal

load and a shear stress because of the relative motion, as shown in
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Fig. 29. Histogram of wear particle area for high density polyethylene.
Sliding conditions: speed 0.5 m/sec, time 1 hr.
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Fig. 30. Histogram of wear particle area for polyoxymethylene. S'uding
conditions: same as in fig. 29.
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Fig. 31. Histogram of wear particle area for PTFE. Sliding conditioms:
same as in Fig. 29. .
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Fig. 32. Histogram of wear particle area for polypropylene. Sliding
conditions: same as in Fig. 29.




Table 4. Surface area range for polymer wear particles.

Material Area x 105 cm2
PTFE 10-70
High density polyethyiene 5-25
Polyoxymethylene $5-25
Polypropylene 5-25

Figure 33(a,b). As the sliding motion continues, the contacting asperi-
ties pass and the substrate of the softer material affected by this com-~
plex loading process undergoes elastic recovery. It is this recovery
that is responsible for the formation of a wear particle that resembles
a flattened ellipsoid., as shown in Figure 33(c). In order that a wear
particle may be formed (by separaﬁion from the parent material), the
elastic strain energy due to recovery in the unloaded condition must

be equal to or greater than the surface energy of the particle (40), that
is:

E >E : (55)

vhere Ee and Es denote the elastic strain energy of the junction and
surface energy of the particle, respectively. For a flattened ellipsoid,

the elastic strain energy is given by:
2

1P . V
vhere
P, " normal stress on the juﬁct:ion

E = Young's modulus of elasticity of the particle material
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Fig. 33. Schematic illustration of the model for wear particle forzatiom;
(a) adhesive junction due to contact between two asperities,
(b) shape of a potential wear particle at x in loaded conditioms,
(c) shape of the wear particle due to recovery of jumctiom in (b).
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Vp = volume of flattened ellipsoid

= % ABC (40, 4%)

A and B, being the major.and minor axes of the elliptical
particle surface; and C, the thickness of wear

particle.

The normal stress and shear stress acting on the junction give rise

to the junction growth phenomenon (81, 82), so that

2 2 2 '
Pg +9s = 9, ‘ 7N
and s = up, ’ (58)

where oy is the yield strength, s, the shear stress acting at the junc-

tion, and @, is a constant.

1
Combining Equations (57) and (58), the pressure may be expressed as:

g

Pp 7.1/2 (59)

(140-1;5 )

Equation (56) therefore becomes‘

T .
=13 —Y — ABC (60)

(11au)E
The surface area A of a flattened ellipsoid may be approximately
expressed as:
A‘ = gurface area of ellipse + perimeter of ellipse

x-% (ﬁhickness of ellipsoid)

‘ 72
AB tA 48" 1 2
= '[a H 3‘7] A (61)

Considering that the formation of a wear particle rcquires separation

along only half the surface of the ellipsoid, the total surface energy
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required is given by:

ol o [ 1) “

vhere y is the surface energy of the particle material.’

Thus, the criterion for wear particle formation in Equatioa (55)

gives:
2
" (s 2 2
1z - — mg2ny[%+ AR %c]
(l‘lﬂ.lp. )E A
or
c> (63)
J -’1 A2 +BZ
(l-clp. )E

It should be noted that the above equacion is in tems of the
material properties and the coefficient o.f friction, both of which depeﬁd
upon the sliding conditions. As for the constant @, a value of 3 as
suggested in the literature (81) is assumed. ‘ |

. The thickness of a wear particle of high density polietkylme was
calculated taking the following data-

y=31 erg/cn’

p = 0.2, as measured for a sliding speed of 0.5 m/sec and 920 g load

E - 0.-2:1010 dynes/cm2

Oy = 1.18108 dynes/cm2
where E and oy were determined on a similar material bought from Cadiilac
Plastics and Chemical Co., (83). It was found to be 3440 i, sh;’.ch is

merely a rough estimate, recognizing that the sliding conditions dictate

the strain rate in the substrate, which in turn governs the mechanical
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propertics of the material. Since the exact dependency betwen the slid-
ing speed and strain rate is not known, the material properties used in
the above eqﬁation were assumed to have a low strain rate conditicn
normally used in tension tests. It is further recogniéed that the coef-
ficient of friction will change with sliding conditions, but for the
variation of load used in particle size measurements (the sliding speed
having been kept constant), no appreciable change in the coefficient of
friction wvas observed. It is felt that the moderate increase in.vear
with load is due to the increase in the number of adhesive junctions,
and not because of any marked change in the wear particle size.

The wear particle formed in the manner described above may either
escape from the interface or be cntrapped between the high points of the
sliding surféces. what happens to the particle actually depends on the
location of the particle in the contact zone at the instant it is formed.
1f the wear particle is entrapped, another strong bond is likely to be
formed between the steel.surface and the loose wear pérticle because of
the much higher surface energy of .the steel material as compared to that
of the polymers. As soon as the steel surface is covered with worn poly-
mer particles, the bond will be established between the newly-formed
polymer wear particle and the polymer layer deposited on the steel sur-
face. This particle will be liberated from the steel surface only if
the elastic strain energy stored in it becomes greater than or equal to
theladhesional energy acting over the interface, that is

ge 2 Ba | (64)

where Ea is the adhesional energy. When this particle is relieved from
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the normal and shear stresses acting at the ‘interface due to sliding

motion, the adhesion at the interface will prevent the particleefmm
c
' y

contracting and there will be a residual stress of magnitude ————s—"x
2.1/2
(1"'0'1‘5 )

where ¢ is the Poisson's ratio of the particle material. It gives

2 2
€ a
13y =
B, "3 7 6aC | | (65)
(1‘{(-1“ )E 1
and
v 2 2 .
'aB . JA+B° 1
‘l'““&b:4+ 2 '3C1 » - (66)
[

where W_, is the work of adhesion, which is equal to 2y for identical
materials and equal to the arithmetic average of the surface energies
for incompatible materials.

m#, the use of Equation (64) gives

W_.AB
ab
Cl > 2 2 , (67)
o € ) 4 A2+B?'
— . . A 3o
AB - ""wab >

3(1-!0.192)5
Taking the same values of the material properties and the coeffi-

cient of friction for high density polyethylene as used above, the thick-
ness of the wear particle was-estimat:ed as 20640 A, using a Poisson's
ratio of 0.4 (84).

The thickness of the wear ;')articles for other materials as well was
calculated using Equations (63) and (67). These values are given in
Table 5, where the lower value is obtained from Equation (63) and the
highei: value from Equation (67). This shows that the wear particle

thickness may range in practice by a factor of about 6-12, depending upon
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Table 5. Estimated thickness of polymer wear particles.

o Material A
.ﬁ High density polyethylene 3440 - 20640
PTFE : 5090 - 56560
}E polyoxymethylene _ 2580 - 28670
' polypropylene 6880 - 76444

what really happens to the particle. It should be noted that if the
wear particie bonds again with the polymer surface, the result is an
agglomeration of the weir particle, This is commonly observed in prac-
tice. The thickness of the wear partiéles estimated here agrees with
the values reported by Makinson and Tabor (23) and Briscoe et al. (31)
for PTFE and high density polyethylene sliding against metal and glass
surfaces.

The Equations (63) and (67) derived above are similar in form and
basis to those reported earlier by Rabinowicz (40). These differ with
respect to the following:

1. The shape of the wear particle is consideréd to be that of a

flattened ellipsoid instead of a sphere,

2. The junction growth arising fr&m the combined effect of the

normal and tangential stresses is also considered.
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4.5. The Wear Model for Polymer-Metal Sliding

4.5.1. Mechanism of Wear at Low Sliding Speeds

An examination of the transmission electron micrographs of the rep-
licas obtained from the sliding surfaces of semicrystalline polymers,
namely, PTFE, high density polyethylene, polyoxymethylene and polypropy-
lene, revealed that sliding of the metallic indentor at a low speed of
0.002 m/sec produces thin polymer films. These were observed to bridge
across the‘abrasion grooves, and seem to have been produced by drawing
because of the applied stress due to frictional resistance in the direc-
tion of sliding. S:rce the films had a thickness of a few hundred A and
were highly orientec, it is believed that they were produced as a result
of shearing across tne amorphous region between lamellae, as shown in
Figure 34(a), (28, jO).

Thin films were also found on the sliding surface of polycarbonate,
vhich is an amorphous polymer, but they were highly fragmented. These
films also exhibited a high degree of orientation in the direction of
sliding; they were forued becéuse of deformation at the sli&ing surface
vhich may result in the shearing of nodules, the molecules of_which were
aligned in the direction of sliding. Thi; mechanism has been described
speculatively in Figure 34(b), where the molecules A, B and C in the
nodule are aligned in the direction oflsliding to become A', B', and C'
after defomation, thereby creating a better order in their arrangement.

4.5.2. Mechanism of Wear at Medium Sliding Speeds

In the experiments performed at sliding speeds of 0.25 m/sec (in

temperature measurements), 0.5 m/sec (in wear particle analysis) and 1.5
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m/sec (in scanning electron microscopy and DTA stdaies), lumpy wear par-
ticles were observed in case of PTFE,'high density polyethylene and
polyoxymethylene, in contrast to the thin films observed in low-speed
sliding. These particles wére assumed to be of a flaﬁtened ellipsoidal
shape in the wear particle analysis. The thickness of such particles was
estimated using the surface energy concept. Calculation showed the thick-
ness to be several thousand i to a few nicrons,>depending upon whether

a particle escaped from the interface or became locked between high points
of the sliding surfac:s. Makinson and fabor (23) and Briscoe et al. (31)
have also observed similar polymeric ffagments several thousand A thick,
produced in the sliding of PTFE and high density polyethylene against
metal and glass surfaces at speeds ofvo.l m/sec and higher. Since at
high strain rates materials cease to exhibit the drawing phenomenon, the
lumpy shape of the wear particles 1s_dué to characteristic deformation
and fracture of the asperity junctions under these conditions,

4.,5.3. Wear Failure at High Sliding Speeds

The temperature measurements showed that in the sliding speed range
of 1.5-2.5 m/sec for polyethylene and'2.5-§ m/sec for polyoxymethylene,
a transition from steady state to unsteady state condition takes place
with the time of sliding. As a result of this transition the‘temperature
rises leading finally to the failure of the polymeric pin by excessive
wear. The temperature measurements, DTA and scanning electron microscopy
studies led to the conclusion that the anr failure was due to the soften-
ing (melting) of the polymer rubbing surfaces.

There was no softening effect observed on the rubbing surféce of

PTFE. This is because its coefficient of friction, which is responsible
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for the heat generated at the interface, was approximately one-fourth of

that for the other two polymers. Furthermore, PTFE has a much higher

melting pﬁin: (327°C), and the measured temperature was always 240-280°¢C
below it. Since temperature rise is directly proportional to sliding
speed, softening is expected to occur at much higher speeds. Tanaka

et al. (30) have reported the occurreﬁce of softeniné on PIFE rubbing sur-

face at a sliding speed of 19 m/sec.
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S. CONCLUSIONS AND SUGGESTIONS

5.1. Conclusions

1. The temperature at the rubbing surface between a metal and
polymer incr-ased with time in the initial stages of siiding. This was
folioued by a steady state, during which the temperature remained con-
stant. Depending upon the material énd‘sliding conditions, the stga&y
state was followed by an abrupt increase in temperature leading to
failure due to excessive wear.

2, An equationAvas developed which considered steady state heat
transfer, conduction of fric;ional heat in the radial direction, énd
heat loss by convection from both the-periphery and sides_of the disc.
It showed good agreement beﬁwéen the predic:ed and measured valués ofi
temperature rise at'the-rubbing sufface.

3. The cran;ition from a steady state to an ﬁn;teady gtate slid-
ing condition wvas found to occur in the sliding speéd raﬁge of 1.5-2.5
m/sec for PTFE and high densityvﬁolyetﬁylené, and.2.5-4 m/sec for polf- '
oxymethylene. | - .

4., The failure of ﬁigh density polyethylene and polyoxymethylene
sliding members was due to thermal softening at the interface and éxces-
sive déflection of the projecting end 65 the pin, which created uﬁs;able
sliding conditions. In contrast, the failure of PTIFE was due to excess-
sive wear and not to thefmal softening. The 'latter was ruled out be-
cause the temperature measured at the rubbing surface was aiways 240-280"6
below the melting point of the polymer. |

5. Scanning electron microséopy reveaied exceséive material flow

on the sliding su:faces of high density polyethylene and pélyoxymethylene
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at speeds higher tham 1.5 m/sec. Such flow was not observed on the
sliding surface of PTFE. At 1.5 m/sec sliding speed, softening was not
observed at the polymer ;:liding surfaces, and lumpy fragments were found
to have covered tke sliding surfaces of the three polymers.

6. Transmissioca electron microscopy of replicas of the sliding
surf.aces of PIFE, high density polyethylene, polyoxymethylene and poly-
propyiéne revealed the presence of thin, continuous films stretched
across ahtasion grooves in th.e case of -sliding vat 0.002 m/sec. The
£ilms were highly oriented in the direction of slidiqg.:

‘ 7. The rubbing surfaces in the case of sliding at speeds 0.25-1
m/sec were covered vith lpmpy vea-r particles resembling the ;hape of a
flattened ellipsoid. From equations derived to estima.te the thickness
of wear partj:les, it was found that the thickness varied from 3440-
20640 i, 5090-56560 i, 2580-28670 A and 6880-76444 A for high density
polyethylene, PTFE, polyoxymethylene and polypropylene, réspectively.
The exact thickness depended on whether a particle escaped from the
interface or vas entrapped between high points of the sliding surfaces.

8. At a very low sliding speed of 0.002 m/sec, the méchémisa of
wear is by shearing and drawing of thin films for all the semi-
crystalline polymers, whereas in the case of amorphous polycarbonate,
the mechanisa involved deforﬁxation and shearing of nodular regions.

In the speedr#nge of 0.5-1.5 m/sec, the drawing phenomenon ceased
because of the strain ﬁte dependency of the polymers; lumpy wear par-

ticles were prM as a resule,
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‘5.2, Suggestions for Future Work

1. It would be of interest to‘investigate the possibility of
deriving an cquation for temperaturc rise for the unstc¢ady state con-
dition at the sliding interface, considering phase transformation in
the polymeric material.

‘2, It would also be desirable to verify the equation derived in
this work for temperatuté rise considering the steédy state heat trans-
fer condition, by checking the predictions against experimental data
obtained from the sliding between a metallic pin and a steel disc.

3. Polymers exhibit thermal softening when subjected to cyclic
loading in fatigue. In a wear process too, the asperities undergo
repetitive loading and unloading, which‘reSults in catastrophic failure
due to softening. It would, therefore, be in;eresting to investigate
whether a correspondence between fatigue and wear could be established.

4, Further investigatiﬁns might include:

a) Development of a relationship for specifying the sliding
conditions necessary to avoid catastrophic wear in polymers.
b) Development of a relationship between wear rate and

wear particle characteriscics; considering both the nature of

the wear process and the surface characteristics of the slid-

ing members.

¢) Investigation of the fracture mechanism during slid-
ing at medium speeds through examination of the replicas of

worn polymer surfaces in a transmission electron microscope.
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8. APPENDIX A: COMPUTER EVALUATION

Table Al. ‘Coqputet evaluation of the modified Bessel function of the

_fifstwkind, I,(oR) (in this program a value of OR = 0.51
has been used).

_ 0005

. 0007
0008

0010
. 0011
0012
0013
0014

0015

1.06609

DOUBLE PRECISION R(26),ARG,MMBSIO,MMBSIL
I0PT=1
ARC=0.51D0
R(1)=MMBS10(10PT,ARG, IER)
R(2)=teBSI1(10PT, ARG, IER)
R(3)=R(1)-2.0%*1.0/ARG*R(2)
WRITE(6,1)R(1) ,R(2),R(3)

1 FORMAT(IX,3F10.5,2X)
D020 1=4,26
R(I)=R(1-2)-2.0#(I-2)/ARG*R(I-1)
WRITE(6,11)R(I)

20 - CONTINUE

11  PORMAT(2X,F15.5,3X)
sToP

0.26338 0.03322
0.00281
0.00018
0.00001
0.00000
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Table A2. Computer evaluation of the modified Bessel function of the
second kind, K,(0R) (in this program a value of OR = 0.51
has been used).

0001 DOUBLE PRECISION R(26),MMBSKO,MBSK1
0002 10PT=1

0003 Axs-o.$1no

0004 R(l)-HIBSKO(IOPT,.ARG,IER)

0005 R(2) =MMBSK1(IOPT, ARG, IER)

0006 R(3)=2.0*1.0/ARG*R(2) *R(1)

0007 WRITE(6,1)R(1),R(2) ,R(3)

0008 1 FORMAT(1X, 3F10.5,2X)

0009 D020 I=4,26
0010 R(1)=2.0%(I-2) /ARG*R(I-1)+R(I-2)
0011 WRITE(6,11)R(I)

0012 20 CONTINUE
0013 11  FORMAT(2X,F15.5,3X)
0014 - STOP

0015 END

0.90806 1.61489  7.24096
58.40676
694.37935
10950.63184
215412.54906

5079479. 45785
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9. APPENDIX B: ERROR ANALYSIS

The calculation of tesperature rise ﬁwolves two measured quanitities;
namely, the sliding speed (7), and coefficient of friccion (u). Any
error in the messurement of these will contribute to an error in the
calculated temper-ature. Since the sliding speed affects the coefficient
of friction and vice versa, the errors are also related making it a case
of nonindependent error.

Let the error in che coefficient of friction and sliding speed be

given by du and dV, respectiwely. Then the error in the calculated

temperature rise may be :qtused as (85).

T
a.wdu-f 4y - (31)

The steady state temperature rise at the rubbing surface is given
by Equation (46):
wiVy,
- UAX, -$

Diffexenmun; the abowe, we get

m umys

7 oK, . (32)
T, s

% TWRK (83)

Considering sliding motion wnder the following conditions:
=165 g
Ve=1.5 % 0.075 n/sec

B = 0.320.03 (measured) for polyoxymethylene pinand steel disc
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(wvhich assumes a variation of 5% in sliding speed and 102 in coefficient

of friction), the total error dT was calcuiated.

2
y R=4.91 cm, Kd

= 0.08 cal/sec cm °C, and calculating Y, = 0.988 from Equation (48),

Taking J = 4.18 x 107 ergs/cal, A' = 19.4 cm

we get from Equations (B2) and (B3):

aT.

D
av = 0.12

and

T
—2 . 590.4

u

Substituting these values in Equation (Bl), we get

4T = 1.8 °c.
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10. APPENDIX C: CALCULATION OF INTERPLANAR DISTANCES
AND DIFFRACTING PLANES

The equation used to calculate interplanar distance is (86):

AS = tdspacing ' ‘ - (C1)

vhere

A = wavelength of electroms

S‘- camera constant‘ot distance from specimen to film plane

= 54.5 c= (87) |

r = radius of diffracting spot (on negative)

dsﬁacing = interjlanar distance
The Qavelength A vas found to be 0.0418 % (86) for an accelerating volt-
age of 80 kV used in the present work. Since PTFE has a hexagonal

crystal structure, the following equation was used for the calculation

of Miller indices of the diffracting planes:

—1 %b’_n____hxwz ) 2 ©2
2 3 2 2
d a c .

spacing

where h, K and £ are the Miller indices of a plane.

The calculated results are given in Table Cl.
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Table Cl. Interplanar distances and diffracting planes.

Unit Cell
Material Parameter r, cm dspacing, R hkt
PTFE a=5.652 1.2 1.94 (0010)
c=19.5% 1.45 1.62 | (300)
1.6 1.46 (306)

1.8 1.29 (0015)




